We study precession dynamics of generic binary black holes in eccentric orbits using an effective potential based formalism derived in [M. Kesden et al., PRL 114, 081103 (2015)]. This effective potential is used to classify binary black holes into three mutually exclusive spin morphologies. During the inspiral phase, binaries make transitions from one morphology to others. We evolve a population of binary black holes from an initial separation of 1000M to a final separation of 10M using post-Newtonian accurate evolution equations. We find that, given suitable initial conditions, a binary's eccentricity can follow one of three distinct evolutionary patterns: (i) eccentricity monotonically increasing until final separation, (ii) eccentricity rising after decaying to a minimum value, and (iii) eccentricity monotonically decreasing throughout the inspiral. The monotonic growth or growth after reaching a certain minimum of eccentricity is due to the effect of 2PN spin-spin coupling. Further, we investigate the morphology transitions in eccentric binaries and find that the probability of such binaries transiting from one to other is similar to those in circular orbits, implying that eccentricity plays a sub-dominant role in spin morphology evolution of a precessing binary black hole. We, hence, argue that the morphological classification of spin precession dynamics is a robust tool to constrain the formation channels of binaries with arbitrary eccentricity as well.
the precession time (t pre ). For spinning BBHs in circular orbits, t pre falls between the orbital time (t orb ) and radiationreaction time (t rr ). The timescale hierarchy of precessing BBHs in circular orbits, which can be mathematically stated as t orb < t pre < t rr , has been extensively used for studying various aspects of binary orbital evolution in the literature. For example, Ref. [34] used the inequality t orb < t pre to solve the orbit-averaged PN spin precession equations, where set of equilibrium configurations of spins and orbital angular momenta was discovered. These configurations are termed as spin-orbit resonances (SOR). The peculiarity of the resonant configurations is that they preserve the relative orientations of the spins and orbital angular momentum throughout the inspiral phase. The SOR configurations are useful in describing PN spin dynamics of precessing BBHs [35, 36] . These solutions have been used in the studies of precession dynamics to predict spin distribution of a population of BBHs before merger and the distribution of final spins of the daughter BHs formed after merger [36] . Moreover, SOR configurations are useful in constraining BBH formation channels [30] . Recent studies have extensively investigated distinguishability of the resonant spin configurations [35, 37, 38] as well as their detectability [39] through GW observations.
Recently, a semi-analytical PN framework was developed to study the precession dynamics of spinning BBHs in quasi-circular orbits [40] [41] [42] . This framework utilizes the full timescale hierarchy of precessing binaries and constructs an effective potential, based on the mass weighted effective spin parameter [33] , to solve the 2PN orbit-averaged spinprecession equations analytically on t pre . The solutions of these spin-precession equations provide relative orientations of S 1 , S 2 and L in terms of a single parameter, total spin magnitude S =| S 1 + S 2 |. These one-parameter orientations are then used to construct precession-averaged radiation reaction equations that are much faster to evolve than the equations in the orbit-averaged approach. Numerical implementation of this framework is available in the open source package PRECESSION [43] . In this effective potential based framework, the spin precession dynamics is classified into three mutually exclusive morphologies that encode the phenomenology of spin precession. The probability of a BBH being in one of these spin morphologies at a particular orbital separation depends on the orientations of BH spins during their formation; thus spin morphologies are indicative of binary's formation history [31, 41] . The measurements of morphologies of a population of BBHs using GWs can provide valuable physical and astrophysical insights into their formation [31] . The three spin morphologies are categorized by the evolution of the azimuthal angle ∆Φ between S 1 and S 2 in a precession cycle and comprise of two resonant morphologies where ∆Φ librates around 0
• and 180
• , and one circulating morphology where ∆Φ sweeps through 0 • − 180 • on t pre [40] . The SOR configurations of Ref. [34] are the extreme configurations in the two resonant morphologies in which the oscillation of ∆Φ vanishes at 0
• . To date, studies of spin precession dynamics have mostly focused on BBHs in circular orbit. This might have been the case because spin precession effects are dominant only during the late stages of inspiral, and by that time BBHs formed with non-zero eccentricity are circularized due to the loss of energy and angular momentum in the form of GWs [44, 45] . Notwithstanding this canonical wisdom, it was shown in Ref. [46] that owing to 2PN spin-spin interactions the orbital eccentricity can grow in the late stages of inspiral after reaching a minimum. Moreover, there exists disparity, particularly on eccentricity evolution, among different methods for solving two-body problem in PN formalism (see Ref. [47] for review). The recent discovery of strong secular growth in eccentricity obtained by solving two-body PN equations using the osculating method [48] contrasts with the monotonic decay in eccentricity obtained using orbit-averaged approach to PN approximation. Eccentricity growth in extreme mass ratio binaries has also been seen within the self-force formalism [49] . Furthermore, many population synthesis studies show formation of considerable fraction of compact binaries with high eccentricity whose GWs would be in the frequency band of aLIGO-type detectors with non-negligible eccentricity [50, 51] . In such a scenario, it is worth investigating the spin dynamics of compact binaries in eccentric orbits.
In this paper, we use the effective potential based formalism of Ref. [40] to study the precession dynamics of spinning BBHs in eccentric orbits. We apply the spin morphology classification on binaries in eccentric orbits and evolve them from an initial separation (a = 1000M) to near merger (a = 10M) using PN accurate equations for spin, orbital angular momentum, and eccentricity. We observe three distinctively different evolution patterns for eccentricity in BBHs which mainly depend on their initial eccentricities and spins, S 1 and S 2 : (i) eccentricity monotonically increasing until final orbital separation, (ii) eccentricity rising after decaying to a minimum value, and (iii) eccentricity monotonically decreasing throughout the inspiral. Since spin magnitudes affect the precessional dynamics as well as the eccentricity evolution, we also study the morphology transitions of precessing BBHs in eccentric orbits. We track the morphology of the above three populations of BBHs with distinct eccentricity evolution and find that statistically the number of BBHs transiting from one morphology to other does not get affected by the presence of eccentricity in the binary dynamics. This finding, i.e., the statistical independence of morphology transition from eccentricity, is remarkable as it suggests that the morphology classification of precessing BBHs, initially developed for binaries in quasi-circular orbits, can also be used to probe the formation channels of the binaries with arbitrary eccentricity.
The rest of the paper is organized as follows. In Sec. II B we describe the effective potential based PN framework to study precession dynamics of generic spinning BBHs. This formalism uses the evolutionary pattern of ∆Φ in a precessional period to classify the dynamics of BBHs into three mutually exclusive spin morphologies. In Sec. II C, we review the PN evolution equations for spins and the orbital elements used to evolve BBHs from a large orbital separation to near merger. In Sec. III we study the evolution of eccentricity in precessing BBHs during the inspiral. At each instantaneous separation, we employ the effective potential based framework to classify the spin dynamics of BBHs in eccentric orbits. Section IV shows our results for the morphology transitions in eccentric precessing BBHs. We conclude the paper in Sec. V.
II. METHODS

A. Notation
Precessing BBHs are, in general, characterized by the following physical parameters: the mass ratio q = m 2 /m 1 ≤ 1, where m i (i = 1, 2) denote the component masses, the six components of their two spin angular momenta S i , where spin magnitudes | S i |= m 2 i χ i are parameterised by dimensionless spin magnitudes 0 ≤ χ i ≤ 1, and eccentricity e. We consider the total mass of BBHs, M = m 1 + m 2 = 1, as it sets the overall scale in general relativity. The reduced mass and symmetric mass ratio of the system under consideration are denoted by µ = m 1 m 2 /M and η = µ/M , respectively. The total spin of a BBH is given as S = S 1 + S 2 . The mean motion n of eccentric BBH is related to the semi-major axis a and orbital period (pericenter to pericenter) P at the leading order by the relation, n = 2π/P = a −2/3 M 1/2 [46] . In terms of the mean motion n, the PN expansion parameter can be expressed as x = n 2/3 . Throughout the paper, we will work in geometric units (G = c = 1).
B. Morphological classification of precessional dynamics
In this section, we briefly review the PN framework developed in Refs. [40] [41] [42] to study precession dynamics of spinning BBHs in quasi-circular orbits. This framework is meant for computing analytical solutions to 2PN orbitaveraged spin-precession equations on t pre and then construct a set of precession-averaged evolution equations for BBHs inspiralling in circular orbits. Henceforth, we shall refer to this formalism as circular orbit (CO) formalism and the binaries in circular orbits as CO binaries. This framework exploits conservation of numerous physical quantities to construct parametrised solutions of orientation of spins S i and the orbital angular momentum L on precessional time t pre . In precessing binaries, the three angular momenta L, S 1 , S 2 precess around the total orbital angular momentum J, constituting a nine-dimensional parameter space. The CO framework utilizes the conservation of J and the magnitude of L on t pre , conservation of spin magnitudes S i on both t pre and t rr [29, 52] , and the conservation of projected effective spin
·L by both the 2PN orbit-averaged spin-precession equations and 2.5PN radiation reaction equations [33, 53] . These conserved quantities reduce the degrees of freedom of precession motion from nine to two. In a suitable frame of reference, the relative orientations of S i and L can be parameterised by a single parameter, namely the total spin magnitude S. Conservation of the projected effective spin ξ on t pre is the nucleus of the formalism, which motivated the construction of two effective potentials ξ ± (S) in the parameter space of spins. The effective potentials are defined as,
where,
For generic unequal mass BBHs, the two effective potentials ξ ± (S) form a loop in S − ξ space (e.g., see Fig. 1 in Ref. [40] ). In a precession period, the total spin magnitude S oscillates along a horizontal line between two turning points S + and S − which lie on the ξ + (S) and ξ − (S) curve, respectively. At the extrema of the loop, the turning points are degenerate, and these two points in the S − ξ loop correspond to the SOR configurations in BBHs. Since, the orientations of S i are parameterised by the single parameter S, the spin-precession dynamics on t pre can be studied by simply evolving the angular parameters of S i between S + and S − . The three angles θ i = arccos(Ŝ i ·L) and θ 12 = arccos(Ŝ 1 ·Ŝ 2 ) evolve monotonically in a precession period while ∆Φ = (
evolves characteristically depending on the values of S i , L, and J of the binary. Three qualitatively different evolution of ∆Φ on t pre provide a unique geometric way to classify the spin precession dynamics in the following three, mutually exclusive, morphologies: The BBHs in the C-morphology correspond to the binaries that are freely precessing, whereas binaries in L0 and Lπ morphologies are librating about the planar configurations of S i and L. The two types of SOR configurations [34] : 0-SOR (S i and L being in a plane with ∆Φ = 0) and π-SOR (S i and L being in a plane with ∆Φ = π) fall in the L0-morphology and Lπ-morphology, respectively. The SOR configurations are important for understanding of precession dynamics. Previous studies have shown that the precessional dynamics can be explained in terms of proximity of the spin configurations to the SOR configurations [34, 35] . These studies have shown that inspiralling BBHs near the SOR configurations eventually resume SOR configurations or oscillate about the SOR configurations during the course of gravitational radiation driven evolution thereby leaving characteristic imprint on the distributions of final spins. The spin configurations of BBHs at a particular orbital separation represent a snapshot of BBHs that are undergoing precession on t pre . The identification of spin morphologies complements these studies, which describe average behavior of BBHs' spins on a precessional cycle. The morphologies remain constant on t pre and slowly evolve under radiation reaction. The randomized instantaneous spins owing to many precession cycles do not preserve any memory about the initial spin configurations while the spin morphologies provide a mean to map the spin configurations from any instantaneous orbital separation to the spin configuration of BBHs just after their formation [31, 41, 54] .
C. Post-Newtonian evolution equations
In generic binaries, if the spins are not aligned or anti-aligned to the orbital angular momentum, the spins and the orbital plane precess about the total angular momentum. At large separations, the spin-induced changes in orientations of spins and orbital angular momenta are much slower than the orbital periods. Using this fact, the evolution of angular momenta vectors can be described by averaging over the instantaneous changes occurring in orbital time t orb . The 2PN orbit-averaged equations describing evolution of spins and orbital angular momentum vectors are given as [33, 55] ,
In absence of gravitational radiation, the magnitude of |L| which depend upon the orbital elements, e and a remains a constant while its orientation changes in the precession time scale. Once radiation reaction is included, the orbit evolves slowly in radiation-reaction time t rr and |L| decays. The equations governing evolution of eccentricity e and mean motion n are [56] [57] [58] ,
The explicit expressions for various terms in the above equations are provided in Appendix A. We recast the PN equations governing inspiral of generic spinning BBHs in eccentric orbits, Eqs. (3) and (4), in the following ten equations
We simultaneously solve the above 10 ordinary differential equations using the explicit embedded Runge-Kutta Prince-Dormand (8,9) time integration scheme with relative tolerance 10 −8 [59] . The initial configurations of the generic spinning BBHs are generated at a separation a = 1000M which corresponds to the PN expansion parameter x to be 10 −3 . The initial configurations of spins S i are specified by polar angles θ i and azimuthal angles φ i in an inertial frame whoseẑ-axis lies along the orbital angular momentum at a = 1000M. We evolve the Cartesian components of S i and L in the inertial frame all the way down to a = 10M, beyond which PN approximations become increasingly uncertain. While integrating the set of coupled ordinary differential equations, we exploited the fact that general relativity is scale free and set the total mass M to unity. Therefore, in our simulations, mass ratio (q) is the only mass related intrinsic parameter. Each BBH at initial separation a = 1000M is specified by the mass ratio q, dimensionless spin magnitudes χ i , eccentricity e, and spherical coordinates of BH spins, (θ 1 , φ 1 , θ 2 , φ 2 ), in an inertial frame where components of the orbital angular momentum (L x ,L y ,L z ) are (0, 0, 1). Since the orbital dynamics is preserved under the rotation around the orbital angular momentum, we can describe spin configurations of BBHs at any separation, without loss of generality, using only three angular coordinates (θ 1 , θ 2 , ∆Φ) where ∆Φ = φ 1 − φ 2 .
III. EVOLUTION OF ORBITAL ECCENTRICITY
A number of definitions for eccentricity exist in the literature, resulting in different studies on the evolution of eccentricity on radiation reaction time-scale. For example, Refs. [46, 56, 60] have used a variety of eccentricities to delineate generic orbits at various PN orders. In the osculating orbit formalism [61] , the eccentricity and semi-major axis are defined in such a way that Keplerian orbit is momentarily tangent to the actual orbit. This osculating eccentricity is then expressed in terms of components of Runge-Lenz vector where a secular growth of eccentricity for non-spinning BBHs is observed [48] . In fact, in numerical relativity simulations, several definitions of eccentricity and their extraction methods exist [62, 63] . Numerical relativists also use eccentricity removal methods to construct quasi-circular initial data, which can reduce the eccentricity values to less than 10 −4 [64, 65] . In this paper, we adopt the quasi-Keplerian formalism of defining eccentricity as discussed in Refs. [46, 56, 60] and limit ourselves to studying the evolution of only 'temporal' component of the eccentricity. Here, by "eccentricity" we will always mean this component; hence, e ≡ e t .
We evolve generic spinning BBHs in eccentric orbits from an initial separation (1000M) to late inspiral (10M) for the following three scenarios:
I. eccentricity monotonically increases from the aforementioned initial orbital separation through the final orbital separation, II. eccentricity rises after initially decaying to a minimum value, III. eccentricity monotonically decreases throughout the inspiral.
The three different types of eccentricity evolution are shown in Fig. 1 . To study the spin dynamics of BBHs in precession time t pre at any arbitrary separation, we construct the angular parameters of spins (θ 1 , θ 2 , ∆Φ) from the evolved Cartesian components of (S 1 , S 2 , L) at the instantaneous frame where (L x = 0,L y = 0,L z = 1) and then employ the morphology-based classification scheme of spin dynamics, discussed in detail in the next section. Note that the basis of this scheme of classifying spin dynamics in different morphologies is conservation of ξ in precession period. The effective spin ξ is also preserved for eccentric binaries by virtue of spin-precession equations (Eqs. (3)) and marginally preserved during inspiral 1 , implying that the morphology classification formalism can be trivially extendable to eccentric binaries. For comparison purposes, we also evolve spinning BBHs in circular orbits and compute their morphologies using the python package called PRECESSION [43] .
FIG. 1. The figure depicts three different patterns of eccentricity evolution from an initial separation a = 1000M to a final separation a = 10M for a population of BBHs. In each panel, the grey region is between the 5th and the 95th percentile of eccentricities. The solid lines in the three panels represent the median of eccentricities. In the top panel, the eccentricities monotonically increase throughout the inspiral. The initial eccentricities in the first panel correspond to the values where the derivative de 2 /dt vanishes at 2PN order. In the middle panel, eccentricities rise after decaying to a minimal value. In the bottom panel, we notice the canonical monotonic decay of eccentricities.
In this section, we investigate the effect of orbital eccentricity on the precession dynamics of BBHs. We ran three different sets of simulation based on the types of eccentricity evolution mentioned above. The spin precession induces nontrivial evolution of eccentricity in these sets of simulation. In the first set, the eccentricities monotonically increase throughout the inspiral as shown in the top panel of Fig. 1 . The initial eccentricity of these BBHs at separation a = 1000M correspond to the values e min where the projections of two spins in the orbital plane cancel the derivative de 2 /dt at 2PN order [46, 58] . The minimum eccentricity e min depend on the spin orientations. The 2PN spin effect stops further decay of eccentricity beyond e min . In this set of simulations, the spins vectors S 1 , S 2 are uniformly distributed over a 2-sphere and the dimensionless spin magnitudes are chosen to be χ 1 , χ 2 ∈ {0.2, 0.6 , 1.0} with mass ratios q ∈ {0.4 , 0.6 , 0.8 , 0.95}.
In the second set of simulations, the eccentricities recuperate back after decaying to their respective minimum values e min , where the spin-spin coupling starts inducing positive slope in de 2 /dt (Eq. 4b). This particular evolutionary pattern of eccentricity is shown in the middle panel of Fig. 1 . In this simulation set, the initial eccentricity of all the BBHs are fixed to be e ini = 0.001 while the mass and spin parameters at a = 1000M are same as in the first set. In the third set of simulations, the eccentricities of BBHs show the canonical decaying pattern. For this set, the initial eccentricities of the binaries at a = 1000M are sampled from a uniform distribution between e ini = 0.2 and e ini = 0.9 while the other intrinsic parameters of the BBHs are distributed in same manner as in the first and second sets.
In each set of simulations, we evolve 36 000 BBHs over the parameter space (q , e , S 1 , S 2 ). The minimum eccentricity values e min of BBHs, where eccentricity ceases to decay during inspiral, depends only on the spin-spin coupling or spin magnitudes (χ 1 , χ 2 ) whereas they are almost independent of the mass ratio q. This is because for given values of (e ini , χ 1 , χ 2 ), the eccentricities follow roughly similar evolution for all mass ratios q considered in this work. In the top panel of Fig. 1 , we show monotonic rise of eccentricities where the initial eccentricities of BBHs are e ini = e min . In the middle panel another nontrivial pattern of eccentricity evolution is shown where eccentricities decay to e min before spin-spin interaction induce rise of eccentricities. The late inspiral growth of eccentricity are observed in BBHs with initial eccentricity e ini ≤ 0.1. The precise value of orbital separation a where minimum eccentricity occurs depends on the choice of parameters (e, S 1 , S 2 ). The precession induced growth of eccentricity is different than the growth of eccentricity in late inspiral observed in Refs. [48, 49] . In Fig. 1 , the grey regions represent eccentricities of BBHs between the 5th and the 95th percentile of their populations. The width of the grey region is attributed to varying spin-spin coupling strengths or different spin magnitudes (χ 1 , χ 2 ) across the BBH population.
IV. SPIN MORPHOLOGY OF ECCENTRIC BBHS
It has been shown that with increase in BH spin magnitudes, more number of BBHs in circular orbits transit from C-morphology to resonant morphologies, L0 and Lπ [41] . Since the eccentricity evolution is correlated with spin magnitudes [46] , we study the effects of eccentricity on the binary precession dynamics and their morphology transition. For a qualitative understanding, particularly given the distinctive late inspiral evolution of eccentricity, we compute the spin morphologies of the three sets of BBH populations having different eccentricity evolution patterns as shown in Fig. 1. In Figs. 2, 3 and 4 , we plot the fraction of binaries in eccentric orbits in different spin morphologies as a function of mass ratio q and spin magnitudes (χ 1 , χ 2 ) at orbital separation a = 10M. Different color patches represent regions of three different morphologies: green for C, blue for L0 and yellow for Lπ. We compare the fraction of eccentric BBHs in different morphologies with their counterparts in circular orbits. The boundary between different spin morphologies for BBHs in circular orbits has been represented by black dashed lines. We observe that the fraction f of binaries being captured in different morphologies at a = 10M is almost independent of the initial eccentricities. In fact, the presence of eccentricity does not change the response of a population of BBHs to spin precession, and as a result, the number of eccentric BBHs in different morphologies are almost identical to the those in circular BBHs.
We next study the transition of BBHs in eccentric orbit to different morphologies during their inspiral. We compute the number of eccentric BBHs in different morphologies at each orbital separation and the results are presented in Fig. 5 . As in Figs. 2, 3 and 4, we evolve eccentric BBHs having three distinct eccentricity evolution patterns: (i) eccentricity rising monotonically (red), (ii) eccentricity rising after decaying to minimal value (cyan), and (iii) eccentricity monotonically decaying (green). For comparison, we also evolve BBHs in quasi-circular orbits as shown in blue. We consider four mass-ratios q = {0.4, 0.6, 0.8, 95} for binaries while the spin magnitudes are uniformly distributed in the range [0.2, 1.0]. The first, second and third rows of Fig. 5 show the fraction of binaries residing in L0-morphology, C-morphology Lπ-morphology, respectively. At the initial separation, the population of BBHs is dominated by sample of BBHs in the circulating morphology, C-morphology. As expected, the probability of the BBHs to transition to librating morphologies, L0-morphology and Lπ-morphology, increases as binaries inspiral towards merger. This transition is strongly dependent on mass ratio q. With an increase in mass asymmetry, the transition probability towards the librating morphologies decreases as also has been shown in Ref. [41] . From Fig. 5 , it is evident that eccentricity of BBHs does not bear much influence on morphology transition. We compare the fraction f of binaries in eccentric orbit in all three eccentricity evolution cases in all three morphologies to the fraction f of circular binaries in their spin morphologies. We see that the pattern of evolution of number of eccentric BBHs in their respective morphologies is very similar to those in circular orbits.
Past studies have shown the pivotal role of mass ratio q as well as spin magnitudes, χ 1 and χ 2 , on binary's precession dynamics [36, 41] . The spin-induced growth of eccentricity is a consequence of spin precession that contribute at 2PN FIG. 2 . Fraction f of BBHs in the three different spin morphologies at separation a = 10M is shown as a function of mass ratio q and spin magnitudes (χ1, χ2). Here, eccentricities of BBHs are monotonically increasing during the inspiral (see the top panel of Fig. 1 ). The yellow, green and blue colored patches represent fraction of BBHs in L0-morphology, C-morphology and Lπ-morphology, respectively. For each combination of (q, χ1, χ2), the spin orientations of BBHs are distributed isotropically at the initial separation a = 1000M. The black dashed black lines represent the boundaries of different morphologies for BBHs in circular orbits and have been plotted to compare the evolution of spin morphologies of BBHs in circular orbit with that of BBHs in eccentric orbits. This plot shows that the presence of eccentricity has no significant impact on the transitions of BBHs to different morphologies during the inspiral.
order in the long radiation-reaction time scale. Although the 2PN spin-spin interaction terms in Eq. (4b) depend on mass ratio q, they have negligible effect on the evolution of eccentricities. The spread of eccentricity in Fig. 1 is attributed to varying rate of change of eccentricity with χ 1 and χ 2 and associated angular parameters. For given spin magnitudes and orientations, the eccentricity evolution is independent of mass ratios. Since the spin magnitudes affect morphology transition of binaries in circular orbits and also the eccentricity evolution, one would expect that presence of eccentricity can affect precession dynamics or the probability of binaries being captured in one of the morphologies. However, in statistical sense, we observe no such dramatic differences due to the presence of eccentricity. In Figs. 2, 3 and 4 , we see small observational differences between the fraction of eccentric BBHs getting captured in the spin morphologies for all three evolutionary patterns of eccentricity and the fraction of circular BBHs in respective morphologies at a = 10M. These differences are within the Poisson counting error except for one case as can be seen in the bottom-middle panel of Fig. 4 where the black-dashed line differs from the black-solid line perceptively for q = 0.8. The similarity between the results for eccentric and circular binaries is consistent throughout the inspiral as can be seen in Fig. 5 . These observations imply that eccentricity has sub-dominant role in the morphological classification of spin precession although eccentricity evolution is spin dependent. We further argue that the spin-induced eccentricity growth and morphology transition are disentangled phenomena.
In this paper, we have not compared the evolution of spin angles (θ 1 , θ 2 , ∆Φ) of eccentric BBHs or their distribution at any orbital separation with those of circular orbits. The individual spin angles vary on both t pre and t rr , which essentially randomizes their distributions over a long timespan. The measured spin angles at a particular separation represent just a snapshot of spin precession which does not carry any information of past spin orientations. On the other hand, morphology measurement provides information of behaviour of spinning binaries on a particular timescale. This morphological classification is a more robust way to study spin dynamics than the measurements of the spin orientations. The spin morphologies of binaries remain constant on t pre and evolve slowly on the radiation-reaction time t rr . It has been argued that morphology estimation in GW detectors sensitivity window can be used to infer the spin orientations of BBHs at formation, which further may be useful in constraining the formation channels [41, 54] . A recent paper [31] gave insights into possible correlations between supernovae physics and morphologies of binaries in GW detectors band. The rationale behind tracking previous spin orientations of circular BBHs using morphology estimation is that the binaries from different spin morphologies populate well defined regions in (θ 1 − θ 2 ) plane of parameter space. The same argument is applicable to BBHs in eccentric orbits. In non-zero eccentricity case, the
Same as in Fig. 2 , but for the case depicted in the second panel in Fig. 1 , where the BBH eccentricities grow after decaying to certain minimum emin. BBHs in this plot have their spins isotropically distributed at the initial separation a = 1000M. The fraction f of BBHs with eccentricity in different morphologies is not different from that of BBHs in circular orbits in those morphologies. The colored patches and the dashed lines have same meaning as in Fig. 2. FIG. 4 . Eccentricities of all BBHs in this figure exhibit canonical monotonic decay during inspiral, which is the case shown in the bottom panel in Fig. 1 . The colors have the same meaning as in Figs. 2 and 3 . The dashed lines denote the boundaries of spin morphologies of BBHs in circular orbits at a = 10M. In the bottom-middle panel, the differences between the fraction of eccentric BBHs getting captured in the spin morphologies and the fraction of circular BBHs in respective morphologies are not within Poisson counting error bound at (q = 0.8, χ1 = 1.0, χ2 = 0.6).
boundaries separating the morphologies are same as those separating morphologies of precessing BBHs in circular orbit. Hence, morphology measurement serves as a powerful tool to explore physics of formation of BBHs in eccentric orbit as well.
V. CONCLUSIONS
Recently, a robust method based on the identification of three mutually exclusive spin morphologies has been developed to describe the dynamics of BBHs in circular orbits [40, 41] . These morphologies remain constant in a precession cycle while evolving slowly under radiation reaction time scale. In this paper, we apply this spin morphology-based classification of precession dynamics to binary black holes in eccentric orbits. We evolved a population of BBHs from an initial separation a = 1000M to a = 10M using orbit-averaged precession equations while incorporating higher order spin-spin contributions in the derivatives of eccentricity and mean motion. We found that the eccentricities of a population of BBHs obey three distinctive evolutionary patterns that depend on their initial eccentricities and BH spin magnitudes. These evolutionary patterns are: (i) eccentricity monotonically increasing until final orbital separation, (ii) eccentricity rising after decaying to a minimum value, and (iii) eccentricity monotonically decreasing throughout the inspiral. The rise in eccentricity to non-negligible values is due to the 2PN order positive gradient induced by the spin-spin contribution in the derivative of eccentricity.
Depending on the spin orientations (θ 1 , θ 2 ), spin magnitudes (χ 1 , χ 2 ) and mass ratio q, a BBH falls in a particular spin morphology during inspiral. The BBH can undergo transitions from one morphology to another morphology during its inspiral phase. We studied the effects of the three different evolutionary patterns of eccentricities on the morphology transition of BBH population and compared them with that of BBHs in quasi-circular orbits. We found that eccentricity plays a sub-dominant role on the spin morphology of precessing BBH. This is because the transition probability of a population of BBHs in eccentric orbits to different morphologies during inspiral are similar to that of BBHs in circular orbits. The statistical independence of morphology transition from eccentricity indicates that the morphology classification of BBHs is also useful for binaries in eccentric orbits and can help probe their formation scenarios as in the case of binaries in circular orbits.
Understanding the formation mechanism of compact binaries is an outstanding problem in astronomy. The compact binaries observable by ground-based detectors are likely to be nearly circular, but the plausibility of observing binaries with small eccentricities cannot be ruled out. It has been shown that earth-based GW observatories could differentiate between field and cluster formation by looking at spin dynamics, redshift distribution and possibly kicks, while assuming binaries to be circular in the detectors' band. The BBHs formed both in the field and cluster environment can have measurable eccentricities in the space-based GW detectors like LISA [66] . For such binaries, mass and eccentricity in LISA band are used to discriminate between different formations channels. Spin measurements of BBHs in LISA band provide another mean to constrain the formation mechanism. In our study, we have shown that eccentricities do not diminish the robustness of spin dynamics in predicting initial spin distributions. In the future, we plan to extend this study by implementing a full treatment of the spin dynamics-eccentricity distribution of the BBHs observable by LISA originating from both dynamical processes in dense stellar cluster and isolated binary evolution in galactic fields. 
